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1.0 ~ O W C T I O N  
The purpose of  t h i s  repor t  i s  t o  summarize research r e s u l t s  
compl eted i n CON unct ion w i t h  NASA Research Grant NAG-1-443 8 f o r  the  
t ime per iod February 1 8  1985 - May 318 1986. This repor t  w i l l  be 
organized t o  be consistent w i t h  the  or ig ina l  work statement of  t he  
grant proposal. Each of  the  o r i g i n a l  work statements w l l l  be 
ind icated and then t h e  research a c t i v i t i e s  performed t o  accompl i s h  the  
ind iv idua l  work statenlent items w ill be summarized. 
2.0 SUMISARY OF / I U U " W N T S  
2.1 In-Si tu  Fracture Observations 
The o r ig ina l  work statement i t e m  2.1 indicated, " In  s i t u  f r a c t u r e  
studies i n  the  SEM w l l l  be performed t o  be t te r  define the  deformation 
and f r a c t u r e  processes i n  mode I and mode I1 loading". The fo l lowing 
has been done t o  accomplish the  object ive of  t h i s  work statement. 
2.1 DESIGN8 CONSTRUCTION AND IMREENTATION OF FIXTURES FOR K)DE I1 
DELAMINATION FRACTURE IN SEM 
A new th ree  po in t  bend f i x t u r e  compatible w i t h  our current  
loading stage fo r  the  SEM has been designed and fabricated. 
End-notched f lexure  t e s t s  have been run on several mater ia ls  w i t h  
t yp i ca l  resu l t s  presented i n  Fig. 1. Now t h a t  t h i s  capab i l i t y  i s  
establ ished8 mode I1 studies are  under way on our model systems. 
2.1.2 COMPARISON OF DEFORMATION/DAMAGE ZONE SIZES AND SHAPES FOR WIDE 
I AND MODE I1 DELAMINATION FRACTURE 
Work t o  date has been on AS4/3502, T6T145/F155, and T6T145/F185. 
The def ormation/damage zone for  mode I1 1 oadi ng is 1 ong, and general l y  
confined t o  t h e  resin rich region between p l ies  (see Figure 2 ) .  The 
composite seeins t o  behave l i ke  two relatively rigid slabs with a much 
sof ter  resin joining t h e  lato. 
t e n d s  t o  be greater in height and shorter i n  w i d t h .  
f o r  damage zone s ize  for mode I loading a r e  summarized i n  Table 1. 
Similar results for  mode I1 loading will be  obtained in t h e  coming 
contract  year. 
included i n  Table 1. 
t o  mode I f rac ture  toughness i s  qui te  good. 
The damage zone for  mode I loading 
Typ ica l  results 
Fracture toughness measurments, GIc, a re  a1 so 
I n  general t h e  correlation of damage zone s ize  
2.1.3 FRACTURE OF NEAT RESIN SPECIKNS IN SEM 
We have recently begun t o  f racture  neat resin specimens in  t h e  
SEM. Typical results a r e  seen in  Figure 3. A paper i n  w h i c h  the 
deformation/damage zone s i ze  for mode I f rac ture  of neat resin is 
compared t o  t h a t  for  mode I delamination of a composite made from the 
same resin has been submitted and accepted fo r  pub1 ication i n  .I3dymz 
I n  t h i s  paper ( see  Appendix I )  t h e  decrease 
in de l  amination fracture  toughness, compared t o  neat resin toughness, 
d u e  t o  r igid f i b e r  f i l l e r  and interlaminar f a i l u r e  i s  addressed. 
One of the problems associated with the observation of neat resin 
f r ac tu re  i n  t h e  SEM has been specimen preparation. The neat resin 
specimens used  a r e  approximately Ztt long, 1" w i d e  and .1-2" thick. 
Obtaining a uniform pol i s h  and maintaining specimen f l a tnes s  has been 
particularly d i f f i c u l t  on relatively s o f t  res ins  s u c h  as 
polycarbonate. To solve t h i s  problem we have recently purchased w i t h  
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State of Texas monies a 512,000 Struers microprocessor contro l  l e d  
po l i sh ing  uni t .  
ease of  specimen preparation. 
This machine has greatly improved the  qual i t y  and 
2.1.4 INTERPRETATION OF APPARENT MICROCRACKING I N  NEAT RESIN 
S P E C I E N S  
Previous work on t h e  f r a c t u r e  of  neat res ins  specimens i n  t h e  SEM 
produced microcracking on such a f i n e  scale t h a t  it was unclear 
whether these microcracks or ig inated i n  t h e  l O O A  t h i c k  sput ter  coated 
go1 d/pal 1 adi um f i l m  appl i ed  t o  minimize chargi ng o r  i n  t h e  r e s i n  
specimens (see Figure 4). 
observed dur ing delamination o f  composites which c l e a r l y  seem t o  be 
rea l  microcracking i n  t h e  composite (see F igure 5). An experimental 
program was designed t o  t r y  t o  determine the  proper i n t e r p r e t a t i o n  f o r  
these cracks. 
specimens o f  rubber which were f i r s t  stretched t o  var ious s t r a i n  
l e v e l s  p r i o r  t o  the sput ter  coat ing w i t h  Au/Pd t o  a thickness o f  l O O A  
(ser ies # l ) .  
specimens o f  rubber were f i r s t  coated and then stretched and observed 
i n  t h e  SEM (ser ies #2). 
determination of what, i f  any damage the rubber experienced f o r  
var ious degrees of stretching. 
and were f u r t h e r  confirmed w i t h  a l i m i t e d  number of observations on 
uncoated, stretched rubber. Except f o r  small, loca l  voiding, no 
s i g n i f i c a n t  damage was noted, even a t  s t ra ins o f  up t o  30%. 
This i s  i n  contrast t o  the  microcracks 
This program consisted of observing SEM coated 
A second se r ies  of experiments were also run i n  which 
The ser ies #1 of experiments allowed t h e  
Typical r e s u l t s  a r e  seen i n  Figure 6 
The i n t e n t i o n  of  t he  ser ies #2 experiments was t o  determine the  
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threshold s t r a i n  l eve l  a t  which f i l m  microcracking begins and ( i f  it 
does occur) t h e  appearance of the f i l m ,  or coat ing microcracks. The 
comparison w i t h  observations on uncoated specimens and specimens 
stretched before coat i  ng (ser ies  #1 experiments) was i ncl uded t o  be 
ce r ta in  t h a t  we could d is t ingu ish  microcracking a r t i f a c t s  i n  t h e  f i l m  
from a r t i f a c t s  formed i n  t h e  rubber i t s e l f  dur ing stretching. 
though no s i g n i f i c a n t  damage t o  the  rubber was expected i n  t h e  s t r a i n  
range used, it was nevertheless important t o  v e r i f y  t h a t  t h i s  was 
indeed t h e  case. 
Even 
The r e s u l t s  o f  the  ser ies #Z t es ts  are presented i n  t h e  
photographs shown i n  Figure 7, which should be compared t o  the  ser ies 
#l resu l t s  shown i n  Figure 6. The f i l m  microcracking i s  seen t o  
i n i t i a t e  a t  a naninal ( o r  average) s t ra in  o f  only 5%. 
t h a t  t he  s t r a i n  d i s t r i b u t i o n  i n  t h e  rubber i s  heterogenous, i n  which 
case t he  actual  threshold value might be somewhat larger.  I n  f a c t  t he  
d i  s t r i  b u t i  on of the  microcracki ng strongly suggests heterogeneous 
deformation. As t h e  nuninal s t r a i n  increases, t h e  density of  the  
microcracki  ng increases and t h e  width openi ng o f  each microcrack a1 so 
increases. 
p a r t i c l e s  i n  the  rubber and qu ick ly  coalesce i n t o  t h e  observed 
cont i  nuous cracks which run perpendicular to t h e  1 oadi ng d i  rection. 
It i s  poss ib le  
The microcracks appear t o  nucleate a t  t he  i nc lus ion  
I n  summary, we conclude from comparison o f  t he  r e s u l t s  presented 
i n  Figures 6 and 7 t h a t  f i lm ,  or  coating microcracking does occur and 
can occur a t  s t r a i n  levels as low as 5%. 
To f u r t h e r  conf i nn  these findings, a second s e t  o f  cont ro l  l e d  
experiments was run on Lexan (wi thout  copel rubber addi t ions).  A 
m in ia tu re  compact tens ion specimen was fat igue precracked and then 
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1 oaded i n di spl acement control u n t i  1 crack extensi on occurred. 
specimen was subsequently coated and observed in  the SEM without any 
reloading. 
damage zone i s  clearly seen ahead of the crack t ip .  
magnification, the surface i s  seen t o  h a v e  a tlrumpledtl appearance d u e  
t o  deformation. 
The 
The resu l t s  a re  seen i n  Figure #a. A deformation zone or 
I 
A t  high 
I 
I 
A t  a lower magnification i t  would be easy t o  
I misinterpret these a r t i f a c t s  as  microcracks. A few real cracks a re  
noted in  Figure 8, and these are  clearly d is t inc t  f ran the rump1 ing 
due t o  deformation. 
Subsequently, a miniature compact tension specimen of Lexan was 
carefully polished, sputter coated with Au/Pdr and then loaded in  the  
SEM. The resu l t s  a r e  presented i n  Figure 9 and should be compared t o  
the resu l t s  previously discussed in Figure 8 .  
microcracking seen in Figure 9 b u t  absent in  Figure 8 i s  the resu l t  of 
coating microcracking. A few real cracks which h a v e  formed i n  t h e  
Lexan a re  also noted in Figure 9 and are  easily distinguished from the 
more superf ici a1 coati ng microcracks. 
The h i g h  density of 
T h e  significance of these resu l t s  are t h a t  the possibil i t y  of 
film microcracki ng m u s t  a1 ways be considered when i nterpreti ng 
f racture  observations on surfaces which h a v e  previously been coated. 
However, one m u s t  not j ump t o  t h e  conclusion t h a t  a1 1 surface 
microcracks a re  in t h e  coating. 
To i l  lus t ra te ,  compare the resul ts  for  f racture  of neat resin 
Hexcel F185 (Figure 4 )  t o  t h e  resu l t s  fo r  the composite made from t h i s  
resin T6T145/F185 (Figure 5) . The h i g h  density microcracking with 
some indication of surface charging i n  Figure 4 should be interpreted 
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t o  be f i l m  cracking due t o  high l oca l  straining. 
chargi ng i n these very f i n e  cracks suggests subsurf ace nonconducti ng 
mater ia l  i n  these cracks, which imp1 ies  f i l m  cracking wi thout  surface 
r e s i n  cracking. 
shape as the  p l a s t i c  zone i n  metals fu r ther  supporrs t h i s  In terpreta-  
t ion.  By contrast, the  microcracks i n  Figure 5 (note it i s  a t  a much 
lower magnif icat ion) a re  much larger, less dense and wi thout  any 
i nd i ca t i on  of  charging. I n  some cases8 very fine, charged microcracks 
such as those seen i n  Figure 4 are found t o  grow, coalesce and develop 
t h e  appearance of actual microcracks such as those seen i n  Figure 5. 
I n  such cases, a duplex appearance of  fine, f i l m  microcracks and 
coarser r e s i n  microcracks i s  present on t h e  specimen surface (see 
Figure 9 )  . It should be noted t h a t  the actual microcracks (as 
d i s t i n c t  from the coat ing cracks) never have a d i s t r i b u t i o n  which 
mimics a p l a s t i c  zone i n  metals, which i s  f u r t h e r  evidence t h a t  these 
cracks a re  res in  cracks and n o t  j u s t  coating cracks due t o  r e s i n  
def ormati on beyond some c r  i ti cal s t r a i  n t h  reshol d. 
The appearance of 
The f a c t  t h a t  the  microcracked zone has t h e  same 
The microcracking of the  Au/Pd coating can be used t o  good 
advantage since it al lows one t o  map the region around t h e  crack t i p  
t h a t  has exceeded some threshold s t r a i n  (which we noted was 
approximately 5% for a 100-150A coating). 
only observed coat ing microcracking i n  the more d u c t i l e  r e s i n  systems 
I n  previous work we have 
not  i n  Hercules 3502. This imp l ies  
n systans a t  crack t i p  s t r a i n s  l e s s  
such as Hexcel F155 and 
f r a c t u r e  i n  t h e  more b r  
than 5%. 
F185 bu t  
t t l e  res 
2.1.5 IN-SITU FRACTURE I N  SEM AND POST-MORTEM FRACTOGRAPHY OF 
MODEL COMPOSITE SYSTEMS BASED ON LEXAN PND LEXAN WITH COPEL 
RIBBER 
Post-mortm f ractography and in-situ f rature i n  t h e  SEW have been  
used  t o  determine the micrunechanics of the f rac ture  process i n  two 
model systems; namely, Lexan and Lexan with 10% cope1 rubber 
additions. 
2.1.5.1 POST MORTFM FRAGWGRAFHY 
The f rac ture  surf ace of the del minated AS4-W6/Lexan and 
AS4W6/Lexan-l0% Cope1 composite sys t ems  a re  presented in  Figs. 10-12. 
T h e  general appearance of the fracture  surface of AS4Wd/Lexan (F igure  
loa)  indicates t h a t  the Lexan matrix undergoes considerable 
def ormati on prior t o  fracture. 
Primary delamination crack propagation in t h e  plane of t h e  page 
occurs locally by the coalescence of microcracks t h a t  form due t o  
deformation of the resin. 
a s  seen i n  Figures 1Oc and 10d. 
distance between adjacent f ibe r s  i s  small across t h e  plane of 
cracking.(e.e.; where the resin rich region between p l ies  is locally 
t h i n ) ,  Conversely, a thicker resin rich region between p l ies  
( local ly)  gives a coarser microcrack spacing and thicker scallops. I t  
is also c l ea r  i n  Figure 1Oc t h a t  considerable deformation and rotat ion 
accompanies t h e  formation of the scal lops by microcrack coalescence. 
I t  is apparent from the fractographs presented in  Fig. 101 t h a t  
The microcracks h a v e  a duplex dis t r ibut ionr  
The f ine microcracks form where the 
t h e  f ibers a r e  well wetted by the Lexan matrix, result ing in  good 
f iber/matrix adhesion. The observation o f  good f iber/matrix adhesion 
i s  f u r the r  supported by the  fact  t h a t  a f a i r l y  small tie-zone was 
formed during mode I de1aminatiOnr giv ing r e l a t i v e l y  l i t t l e  f i b e r  
breakage and pul lout .  
The copel rubber toughened AS4-W6/Lexawcopel composite, on t h e  
other hand, behaved q u i t e  d i f f e ren t l y .  
observed which continued t o  grow as delamination proceeded u n t i l  a 
constant t ie-zone s i ze  was achieved. Pr ior  t o  th is,  f i b e r  breakage was 
minimal . 
fu r the r  crack propagation resul ted i n  wns i  derabl e f i b e r  breakage. 
This i s  c l e a r l y  evident i n  Fig. l l a .  
f i b e r s  on t h e  surface and, as Fig. l l b  exempl i f  ies, these loose f i b e r s  
a r e  rather  poorly wetted by the  resin. 
appears q u i t e  bare. 
general i n  t h i s  system (see f i g .  12 arb). Thus, it appears t h a t  the 
W6 epoxy s i z i n g  on t h e  f i b e r s  provides f o r  excel lent  adhesion w i t h  the 
Lexan but i s  q u i t e  i n e f f e c t i v e  when t h e  Lexan i s  toughened w i t h  copel 
rub be r . 
A rather  l a rge  tie-zone was 
However, once the tie-zone reached i t s  steady-state size, 
There i s  an abundance of loose 
The surface of  the f i b e r s  
This i s  t y p i c a l  of  the f r a c t u r e  surface i n  
A c lose examination of  t he  fractography i n  Fig. 12b reveals some 
i n t e r e s t i  ng features t h a t  may account f o r  the d i f ference i n  
i n t e r f  ac i  a1 adhesion between t h e  Lexan and t h e  Lexan w i t h  copel 
rubber. The appearance of t he  r e s i n  on the f r a c t u r e  surface where 
r e s i n / f i b e r  debonding occurred i s  very f o a m l i k e  and i s  q u i t e  
a r  Lexan when it debonds d i f f e r e n t  from the appearance of  the regu 
f rom the f i b e r s  (see Fig. l ob )  . 
A de ta i l ed  view of  the foam-like reg 
The c a v i t i e s  a re  probably formed by 12c. 
ons i s  presented i n  Fig, 
the rupture of  the d i l a t e d  
cope1 rubber phase. The rubber, wi th  a much greater c o e f f i c i e n t  o f  
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thermal expansion than t h e  matrix will be qu i t e  dilated a f t e r  the cool 
down t o  roan temperaturer and upon final rupture, collapsesr result ing 
i n t h e  f ormati on of cav i t i  8s. 
From the abundance of the cavitation a t  the fiber/matrix 
interface, i t  would appear t h a t  there  m u s t  be preferenti a1 segregation 
of the rubbery phase t o  t h e  fiber-matrix interface. T h i s  i n  t u r n  
resul ts i n a weaker i nterf act a1 bond. 
A f inal  interesting observation from this se r i e s  i s  found 
f igure  l Z d r  where the fractured surface of a T6T145/F185 compos 
seen in a resin rich region. Note t h e  very duct i le  behavior of 
resin in  t h e  absence of f iber  constraint and/or debonding. The  
smaller amount of resin deformation which typically accompanies 
n 
t e  i s  
zhe 
much 
delamination f r ac tu re  i n  t h i s  material accounts for  the 2000 J/m2 
delamination GIc compared t o  an 8400 J/m2 value for  the neat resin. 
2.1.5.2 IN-SITU IN SEM FRACTURE STUDIES 
Mode I delamination of Lexan and Lexan with 10% cope1 rubber  
was observed in  the scanning electron microscope under displacement 
control l e d  conditions, w h i c h  p e r m i t t e d  s table  crack growth i n  these 
systems. Crack propagation occurred simultaneously i n  t he  
interlaminar region and a t  an adjacent f ib re  matrix interface i n  t h e  
AS4-W6/Lexan system (see Fig. 13a). Here the interfacial  debond crack 
l i e s  behind t h e  interlaminar crack. This was often reversed d u r i n g  
the propagation of the crack, w i t h  the interlaminar crack sometimes 
ahead of and sometimes lagging behind the interfacial  crack. T h i s  
i ndicates t h a t  t h e  i nterf aci a1 fracture  toughness is comparabl e t o  t h e  
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primary bond strength i n  the  LeXan matr ix (i.e.8 good i n t e r f a c i a l  
bonding). The crack t i p  region, Fig. 13br c8 reveals some 
microcracking which does not extend over the  en t i  r e  width of the  100 urn 
wide i n t e r l  aminar reg1 on. 
t he  crack t i p  i s  a lso discernible. 
f i b e r s  (Fig. 13d) shows the  format ion of microcracks p r i o r  t o  
t h e i r  coalescence i n t o  a macrocrack (compare w i th  Figure 10d). 
P a r t i  a1 coalescence of microcracks ahead o f  
A detai led view o f  the  aaacen t  
The f a c t  t h a t  crack propagation occurs through the ma t r i x  and a t  
the  matr ix- f  i ber i n t e r f  ace w i th  about equal res i  stance i n  t h e  L exan 
without copel rubber conf inns our ear l  i e r  observation f ran the  
fractography sect ion t h a t  the i n t e r f a c i a l  bonding i n  t h i s  system i s  
general l y  good. 
Figures 14 a-c a re  micrographs o f  the i n - s i t u  delamination o f  t he  
M-W6/Lexan-Copel system. The in te r1  aminar region i s  narrower than 
i n  the  AS4-W6/Lexan system (about 30-50vm versus 100um wide) and has 
a much more dense network o f  microcracks (Fig. 14brc). Based on our 
e a r l i e r  discussion of the r e s u l t s  on rubber specimens, it would be 
appropr iate t o  i n t e r p r e t  t he  f i n e  microcracks as f i l m  microcracks w i th  
the  coarser microcracks as real  res in  cracks. I f  one th inks  o f  the 
f i n e  microcracks as an i nd i ca t i on  of s t ra ln  and t h e  coarse microcracks 
as r e s u l t i n g  from loca l  d u c t i l e  rupture, then one can see how t h e  f i n e  
microcracks lead t o  the  coarser microcracks. Microcrack coalescence 
leading t o  crack microcrack propagation i s  very c lea r l y  exhib i ted i n  
Fig. 14a-b. F i n a l l y  the  i n t e r f a c i a l  debond crack i s  we l l  ahead o f  the  
in te r laminar  crack. This was consistent ly t he  case throughout t h e  
delamination o f  the  W-W6/Lexan-Copel rubber composite8 and a t  no 
t ime dur ing t h e  t e s t  d i d  t h e  inter laminar crack t i p  lead t h e  
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i n t e r f  aci  a1 crack t i p .  
bond strength i s  r e l a t i v e l y  poor, as previously indicated from 
fractography and from the s i ze  of  the f iber-bridged tie-zone observed 
during s p l i t  laminate t e s t i n g  o f  f u l l  s ize specimens. 
This c l e a r l y  demonstrates t h a t  the i n t e r f  aci  a1 
The heterogenous d i s t r i b u t i o n  o f  the cope1 rubber prev ious ly  
noted i n  the  post-mortem fractography i s  deleter ious f o r  two reasons. 
The toughening i t  produces i n  t h e  res in  w i l l  be q u i t e  nonuniform and 
t h e  segregation t o  r h e  matr ix / res in  interface has been shown t o  weaken 
t h e  interface. 
2.2 STRAIN FIELD MEASUREENTS AROUND CRACK TIP 
The o r i g i n a l  work statement item 2.2 indicated, ltStereo-imaging 
w i l l  be u t i 1  ized t o  determine the s t ra in  f i e l d  around t h e  crack t ipgt .  
The fo l l ow ing  tasks have been performed t o  meet the  ob jec t i ve  of t h i s  
work statement. 
2.2.1 DEVELOPENT OF STERE+IMAGING TECHNIQUE 
An experimental technique has been devel oped t o  measure i n-pl ane 
s t r a i  ns us i  ng stereo- imagi ny. 
t y p i c a l  r e s u l t s  obtained using equipment a t  Texas A M  Univers i ty  were 
previously presented i n  our semi-annual report, March 12, 1986. 
The deta i l  s o f  t h i s  approach and some 
2.2.2 VERIFICATION OF IN-HOUSE EXPERIENTPL TECHNIQUE 
The c r i t i c a l  experimental step requi red t o  obta i  n accurate 
q u a n t i t a t i v e  s t r a i n  measures i s  the determination o f  t he  in-plane 
displacements usi ng a special sterecrmicroscope t o  1 ook a t  SEM 
stereo p a i r s  of the crack t i p  loaded and unloaded. 
displacements due t o  loading w i l l  appear i n  t h e  stereo viewer as 
topography. 
in-pl  ane displacements requi red t o  produce t h i s  apparent topography. 
These displacements can then be used t o  ca l cu la te  strains. 
The in-plane p o i n t  
The apparent topography can then be used t o  determine the  
Commercial equipment used f o r  aer ia l  mapping can quant i fy t he  
i n-pl ane d i  spl acements very preci  s l y r  but such q u i  pment costs  
$2508000. 
equipment ava i l ab le  a t  TAW t o  see i f  we can s t i l l  obta in  reasonable 
accurate q u a n t i t a t i v e  resul ts8 since commerci a1 r e s u l t s  cost  
$4.00/poi nt. 
equipment and have had a commercial company i n  San Antonio check t h e  
r e s u l t s  presented i n  our semi-annual reportr March l Z r  1986. This 
comparison ind icated t h a t  our determination of in-plane displacements 
on our in-house equipment were approximately correctr  but  w i t h  an 
e r r o r  of  +20% o f  the absolute values measured. 
Thusr we have been experimenting w i t h  l e s s  sophist icated 
We have analyzed r e s u l t s  from one mode I1 t e s t  using our 
2.3.3 DIRECT STRAIN FIUD MEASUREMENTS I N  SEM 
We a re  now explor ing an a l te rna t i ve  approach t o  stereo imaging t o  
measure s t r a i n  f i e l d s  around crack t i ps .  This approach involves vapor 
deposi t ion over a mask (or template) with su i tab ly  spaced holes 
(square g r i d  w i t h  lvrn spacing). 
a l ase r  and then be reduced using a photo-reducing technique developed 
f o r  and u t i l i z e d  i n  t h e  e lect ron ics industry. 
A coarser mask w i l l  be prepared using 
Specimens w i th  the g r i d  appl i e d  w i l l  be photographed unloaded and 
loaded i n  the  SEM. A standard Image analyzer w i l l  be used t o  
ca l  cu l  a te  the d i  spl acement f i e l  d o f  the var ious g r i d  poi nts. A 
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computer program w i l l  be used t o  convert t h e  two displacement f i e l d s  
i n t o  s t r a i n  f i e lds .  This technique should g ive be t te r  prec is ion and 
be t te r  reso lu t i on  f o r  our measurement of s t r a i n  f i e l d s  around crack 
t i p s  than our current  stereo imaging technique does. 
2.3 
ind icates "Further r e f i n i n g  o f  t e s t i n g  and analys is  techniques f o r  
mode I and mode I1 delamination of  s p l i t  laminates w i l l  be performedt1. 
The fo l l ow ing  e f f o r t  i s  i n  progress t o  meet the  requirements of t h i s  
work statement. 
The t h i r d  p o r t i o n  o f  the proposal work statement f o r  NAG-1-443 
2.3.1 COMPARISON OF END-NOTCHED FLEXURE TEST AND END-LOADED FLEXURE 
TEST 
S t r e e t  and Russell (2) introduced the  end-notch f l e x u r e  t e s t  f o r  
pure mode I1 t e s t i n g  o f  s p l i t  laminates about t h e  same t ime Bradley 
and Vanderkley (3) introduced t h e  end-load f l e x u r e  t e s t  (see Figure 
15) . Tests have recent ly been completed t o  determine whether these 
somewhat d i f f e r e n t  loading arrangements f o r  spl it laminates g ive 
consistent values f o r  G . These resu l t s  a r e  smmarized i n  Tables I1 
and 111, with the data analysis being conducted by th ree  d i f f e r e n t  
methods. 
geanetr ic nonl inear i ty,  but  assunes a l l  energy d i ss ipa t i on  i s  
occurr ing i n  t h e  crack t i p  region. For a 1 inear 1 oad-displacement 
curver the  area method and t h e  l i n e a r  e l a s t i c  analys is  r e s u l t s  are 
consi stent. 
e l  a s t i c  analys is  gives a r t i f  i c a l  l y  high i nd i ca t i ons  o f  G 
I IC 
The area method i s  t h e  most general approach al lowing f o r  
For a nonl inear 1 oad-di spl acement curver the 1 i near 
IIC' 
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The important r e s u l t  from Tables I 1  and I11 are t h a t  t he  two 
when t h e  experimental methods g i ve  consi s tent  i ndi c a t i  ons of  G 
resu l t s  a r e  properly analyzed (io%, when t h e  area method i s  used f o r  
nonl inear e l a s t i c  behavior). The resu l t s  a lso i l l u s t r a t e  the  
erroneous r e s u l t s  one obtains when a l i n e a r  analysis i s  used f o r  
moderately nonl inear 1 oad-displ acement behav ior. 
I IC 
2.3.2 RECENT RESULTS OF MODE I AND MODE I1 TESTS ON KIDEL SYSTEMS 
Fracture toughness measurements and i n-si  t u  f r a c t u r e  studies have 
been conducted on the  fol lowing composite systems: (1) AS4-W6/Lexan; 
( 2 )  AS4-W6/Lexan-10% Cope1 ; (3 )  AS4/PEEK-APG2; (4) Bp 907/T300; 
(5) T6T145/F185; and on the  ma t r i x  resins Lexan and F185. The 
composites were tested f o r  Mode I and Mode I1 opening delamination 
toughness using DCB specimens from undl rect ional  laminates 24 p l  i e s  
th ick,  w i th  Kapton i n s e r t s  as crack starters. Specimen geanetr ies f o r  
mode I and mode I1 opening a r e  shown i n  Fig. 15. 
1 oad-di spl acement record was obtained d i  r e c t l y  f rom the MTS 
The 
servohydraul i c  frame i n  the form of an x-y p l o t  and was a1 so 
simultaneously d i g i t i z e d  v i a  an HP 3497A data acqu is i t i on  system, and 
subsequently, stored through an HP9122 desktop computer. Crack 
1 engths a t  successive unloads were measured v isual  ly .  
IIC 
values because the load-displacement record was t o o  nonl inear t o  
The area method was used t o  obtain delamination G and G 
IC 
j u s t i f y  t h e  use of l i n e a r  beam theory analysis (see Figures 16-21). 
I n  t h e  case of the AS4/PEEK WGZ, discontinuous, or  unstable crack 
growth was noted i n  mode I. Thus, the  area method gives an average 
Val ue between i n i  ti a t i  on and propagat1 on G Val UeS. 
15 
As an a l t e r n a t i v e  t o  the area method analys is  f o r  mode I 
delamination i n  PEEK where unstable crack growth Occurred, a 5% secant 
o f f s e t  approach was used t o  approximate the  1 oad-displ acement values 
a t  the manent o f  i n i t i a l  crack extension f o r  each reload. Since there 
was minimal nonl inear i ty  a t  these points i n  t h e  reload, l i n e a r  beam 
theory analysis was used t o  ca lcu late G I ,  which was then assuned t o  be 
the  i n i t i a t i o n  GIc value. 
than those obtained using the  area method on t h e  same data, which i s  
undoubtedly a r e s u l t  o f  the f a c t  t h a t  the i n i t i a t i o n  
than the  unstable crack propagation 
r a t e  dependence i n  resistance t o  crack propagation i s  p r imar i l y  i n  t h e  
r a t e  dependance of  the amount of  energy absorption i n  t h e  process 
zone. To put it another way, the energy absorbed decreased w i t h  
increasing r a t e  o f  crack propagation. 
wi th crack growth r a t e  i s  consistent wi th the change i n  f r a c t u r e  
surface features noted when t h e  crack i n i t i a t i o n  po r t i on  of  the 
f r a c t u r e  surface i s  compared t o  the crack propagation p o r t i o n  o f  the 
f r a c t u r e  surface (see Figure 22). A l l  of the experimental r e s u l t s  a re  
summarized i n  Table I V .  
The values so obtained were much higher 
i s  much greater 9 c  
i n  PEEK. This impl ies t h e  
ItGI c 
This change i n  f r a c t u r e  energy 
2.3.3 FINITE ELEMENT PNPLYSIS OF CRACK TIP STRESSES FOR 
ASYMMETRICALLY LOADED SPL I T  LAMINATES 
Vanderkley (3)  has previously shown how one may ca l cu la te  the G I c  
and GIIcvalues f o r  an asymmetrically loaded spl it laminate ( the  
l i m i t i n g  case of which i s  the  end loaded f l e x u r e  tes t ) .  
a more de ta i l ed  analysis of the s ta te  o f  s t ress a t  t he  crack t i p  i s  
Nevertheless 
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needed t o  define the condi t ions under which the delamination occurs 
f o r  mixed mode I and mode I1 loading. 
been adapted fo r  t h i s  purpose. 
A f i n i t e  element program has 
The st ress f i e l d  ahead o f  the crack t i p  of a s p l i t  laminate 
specimen loaded under mode I and mode I1 delamination condi t ions has 
been determined by means o f  t h i s  f i n i t e  element analysis. 
have been compared t o  the  observed damage zone developed ahead o f  the 
crack t i p  f o r  the same loading conditions. 
The r e s u l t s  
The determination of  the stress f i e l d  ahead o f  t he  crack t i p  of 
t he  s p l i t  laminate specimen loaded under mode I and mode I1 was 
accompl ished by f i r s t  generating a two dimensional mesh 15.24 an long 
and 0.254 an t h i c k  consis t ing of  791 nodes and 294 elements. 
Tr iangular six-noded elements around t h e  crack t i p  w i t h  mid-side nodes 
displaced t o  the  quarter p o i n t  C41, and a substant ia l  refinement of  
the mesh around t h e  crack t i p  were used t o  Overcome t h e  d i f f i c u l t y  
imposed by the stress s i n g u l a r i t y  present a t  the crack t i p .  
a 1 i near analysi s made w i t h  a f in1 t e  el anent a1 gor i thm devel oped by 
Henriksen C51. 
w i t h  L agrangi an f ormul a t i  on usi ng s i  x and o r  e i  gh t  noded i sopa rametr i c  
elements w i t h  two degrees o f  freedom per node. 
This was 
The algor i thm i s  based on a nonl inear code updated 
Typical proper t ies of  
undi rect ional  AS4/3502 graphiWepoxy composite were used i n  t h e  
analysis. Stress contour p l o t s  were obtained f ran the  output data. 
Also, t he  stress d i s t r i b u t i o n  was p lo t ted as a func t i on  o f  distance 
ahead o f  the crack t i p .  
S p l i t  laminate specimens 3.81 cm long, 0.508 an wide and 0.114 an 
thick, and 3.048 an long, 0.508 an wide, and 0.114 an thick, of 
Hercules undi rect ional  AS4/3501-6 graphite/epoxy were used f o r  mode I 
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and mode I1 observations o f  the damage zones, respectively. The 
observations were done dur ing real-time delam nat ion i n  t h e  scanning 
e lec t ron  microscope. 
wedge i n t o  the  precracked po r t i on  of t h e  longer spl it laminate 
specimensr using t h e  t e n s i l e  stage i n  the scanning e lec t ron  
microscope. 
remained we l l  away from the crack t i p ,  g iv ing  essent ia l l y  pure mode I 
loading. Mode I1 delamination was achieved by means o f  a specia l ly  
designed th ree  po in t  bend f i x t u r e  i ns ta l l ed  t o  the  t e n s i l e  stage of 
t he  scanni ng e lec t ron  microscope. 
a JEa JSM 35 scanning e lec t ron  microscope. A l l  surfaces observed 
were coated w i th  a l O O A  t h i c k  good/palladium f i l m  t o  minimize charging 
e f f e c t s  associated w i th  the nonconductive nature of  the  epoxy matr ix  
o f  the  composite. The experimental resul ts  were recorded on standard 
t r i - x  f i l m .  
Mode I delamination was achieved by pushing a 
The wedge was s u f f i c i e n t l y  b l u n t  t o  ensure t h a t  it 
The observations were performed i n  
F igure  23 shows the  f i n i t e  element r e s u l t s  of  a s p l i t  laminate 
beam specimen tested under mode I delamination. 
s t ress  contour p l o t  from the v i c i n i t y  of t he  crack t i p .  
s t ress  i s  seen t o  rap id ly  decrease ahead o f  the crack t i p .  
( a b )  shows the  s t ress f i e l d  d i s t r i b u t i o n  ahead o f  the crack t i p  
normalized t o  the  thickness 2h of t he  specimen. 
pure t e n s i l e  s t ress develops a t  the crack t i p  i n  t h e  plane of  
delamination. 
0.762 nun ahead of the crack t i p  where it ac tua l l y  goes i n t o  a 
compressive stress. Then, it slowly reached a maximum compressive 
s t ress  l e v e l  of approximately 7% o f  the maximum t e n s i l e  s t ress  
Figure ( p a )  i s  a 
Note how the  
Figure 
As can be ObSBrvedr a 
The t e n s i l e  s t ress rapidly drops o f f  over a distance of 
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calculated t o  ex i s t  in the vicini ty  of t h e  crack t ip .  
gradually approaches a zero s t r e s s  level a t  a distance of about 
7.62 mm from the crack t ip .  
s t resses  observed a r e  not expected t o  slgnificantly influence the 
f rac ture  mode a t  the crack t i p  because i t  develops f a r  enough away 
from the crack t ip .  
Finally, i t  
I t  should be noted t h a t  t h e  compressive 
Figure 24 s h o w s  t h e  stress contour plot  and s t r e s s  f i e l d  
dis t r ibut ion i n  the vicini ty  of the crack t i p  of a s p l i t  laminate beam 
specimen s u b j e c t e d  t o  a pure mode I1 delamination loading. 
s t r e s s  drops off much more s lowly  with distance from the crack t i p  
than does t h e  normal stress for  pure mode I delamination (compare 
Figures  23 and 24). Furthermore, t h e  shape of t h e  s t r e s s  f i e l d  i s  
more narrow and elongated than for mode I. Figure (2b) s h o w s  t h e  
s t r e s s  f i e l d  a s  a function of distance ahead of t h e  crack t i p  
normalized t o  t h e  thickness 2h of the specimen. 
be seen t o  monotonical l y  decrease t o  a constant Val ue of approximately 
0.1% of the maximum load predicted a t  the crack t i p ,  extending a l l  t h e  
way t o  the end of the beam. 
s t r e s s  i s  in  good agrement with the elongated shape of the shear 
stress contour seen in  Figure (24) . 
concentration a t  the crack t i p  is d i s t r i b u t e d  over a larger range with 
the extent of the h i g h l y  Stressed material above and belaw the center 
plane b e i n g  much smaller than for mode I. 
T h e  shear 
The shear stress can 
The slower decreasing r a t e  of the shear 
T h i s  indicates t h a t  t h e  stress 
Figure  25 corresponds t o  real-time observations of t h e  damage 
zone developed ahead of the crack t i p  under mode I delamination of 
AS4/3501-6 graphite/epoxy. 
extensive microcracking of the resin extending a t  l e a s t  90 p m ahead 
T h i s  damage zone i s  characterized by 
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of the microscopic crack t i p  and approximately 10-15pm wide. 
26 shows the  damage zone developed ahead o f  the  crack t i p  under mode 
I1 delamination of  AS4/3501-6 graphite/epoxy. I n  t h i s  case, t he  
damage zone extends much fu r the r  ahead o f  t he  crack t i p  ( a t  l e a s t  270pm 
m) than t h e  damage zone observed f o r  mode I loadingr and i s  only 
approximately 2.5-5 p m  wide. 
Figure 
A care fu l  comparison of  the  stress f i e l d s  o f  Figures 23 and 24 
and t h e  damage zones shown i n  Figures 25 and 26 f o r  mode I and mode I1 
del amination, reveals a d i  rec t  correspondance betwen them. The 
gradual decrease i n  the  magnitude of the shear s t ress w i th  distance 
from the crack t i p  f o r  mode I1 (Figure 24b), along w i th  the elongated 
shape of the  shear s t ress contour p l o t  seen i n  f i g u r e  (2a) ind icates 
t h a t  the  s t ress  concentration a t  the  crack t i p  i s  d i s t r i b u t i o n  Over a 
l a r g e r  range, causing t h e  s i ze  of t he  damage zone ahead o f  the  crack 
t o  extend over a long range (Figure 26). I n  contrast, the  rap id  
decay of  the  magnitude of the normal stress w i th  distance from the 
crack t i p  f o r  mode I loading (F igure 22b) and t h e  more c i r c u l a r  shape 
o f  the normal s t ress contour p l o t  (Figure 22a), ind ica te  t h a t  the  
s t ress  concentrat ion a t  the  crack t i p  i s  much more local ized, causing 
t h e  s i ze  of the damage zone t o  be smaller than f o r  mode I1 
delamination (Figure 25). 
mater ia l  above the  center plane seen i n  t h e  s t ress contour p l o t s  i s  
much smaller for  mode I1 than f o r  mode I. 
(Figures 25 and 26) changes from wide t o  n a r r r w  as one goes from mode 
I t o  mode 11. These f indings i nd i ca te  t h a t  the  increased resistance 
t o  delamination going from mode I t o  mode 11, especial ly f o r  the more 
Furthermore, the  extent o f  t he  stressed 
Thus, the  damage zone 
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b r i t t l e  systems C61, has a d i r e c t  re la t ionship t o  the  extent and r a t e  
of  change of the s t ress f i e l d  as we11 as t o  the  extent and shape of 
the damage zones. 
It should be noted t h a t  even though the f i n i t e  elanent analys is  
assumed global l i n e a r  e l a s t i c  mater ia l  behavior, it s t i l l  predicted 
t h e  w e r a l l  t rend i n  damage zone s i ze  and shaper despite the actual 
nonl inear behavior of composites i n  the crack t i p  region. 
I n  summaryr i t  has been found t h a t  t he  d i f f e r e n t  s i ze  and shape 
o f  the damage zone observed when comparing mode I t o  mode I1 
delamination i s  consistent w i th  the dif ference i n  the  s i ze  and shape 
of the s t ress f 1eld predicted by the  f I n i t e  element analysis. 
Furthermore, these di f ferences a re  also consistent w i t h  the d i f ference 
i n  resistance t o  delamination of b r i t t l e  graphite/epoxy composites f o r  
t he  two types o f  delamination studied. 
2.3.4 DETERMINATION OF STABIL ITY CONDITIONS FOR END-LOADED FLEXURE 
TEST FOR SPL I T  LAMINATES 
The end loaded f l e x u r e  t e s t  has been analyzed t o  determine the  
degree of  s t a b i l i t y  f o r  crack growth as compared t o  the end-notched 
f l e x u r e  t e s t  where s t a b i l i t y  i s  sometimes a problem. This has been 
done using I i m a r  beam theory. 
dimensionless format i n  Figure 27. 
a/L value of approximately 0.5-0.55 should be ideal  f o r  achieving 
s tab le  crack growth. 
The resu l t s  a re  presented i n  a 
The conclusion reached i s  t h a t  an 
This  analysis has been used t o  advantage i n  our experimental work. 
If a r e l a t i v e l y  long specimen w i th  a short s t a r t e r  crack i s  used, the 
uncracked end of the specimen (See Figure 15) should be supported 
2 1  
i n i t i a l l y  a t  a l o c a t i o n  only a few inches from the crack s t a r t e r  end 
of the specimen. As the  crack grows, t h i s  support pos i t i on  can be 
adjusted pe r iod i ca l l y  t o  keep t h e  a/L value i n  t h e  v i c i n i t y  o f  0.5 
The 
one 
r e s u l t  has been the  capabil i t y  o f  measuring G 
specimen. 
numerous times on 
I IC 
2.3.5 DEVELOPKNT OF A J-INTEGRAL ANPLYSIS FOR USE ON SPLIT LAMINATES 
The use o f  tougher res in  composites and t h e  need t o  t e s t  
mu1 t i d i  rect ional  layups w ill eventually p rec l  ude the excl usive use o f  
a G type analysis, which i s  used almost un iversa l ly  t o  ca lcu la te  
delamination f r a c t u r e  toughness f o r  delamination o f  spl it laminates. 
For s i t ua t i ons  where the  1 oad-di spl acement curve i s  nonl i near due t o  
f a r  f i e l d  damage, one cannot use 1 inear beam theory or  the  area method 
IC 
t o  ob ta in  meaningful ind ica t ions  of  the crack t i p  energy d i ss ipa t i on  
per u n i t  area of crack extension. 
Work done i n  conjunct ion w i th  Dr. Richard Schapery has resu l ted  
i n  a der iva t ion  of the  J value f o r  a s p l i t  laminate. 
fo l lows: 
The r e s u l t  i s  as 
where B = specimen width 
k = curvature of beam 
M = moment a t  the crack t i p  
Experimental work t o  v e r i f y  t h a t  t h i s  does g ive  a geanetry independent 
p red ic t i on  of delamination crack growth i s  now i n  progress. This work 
involves delamination studies o f  s p l i t  laminates w i th  many as0 p l  i e s  
t o  reduce s t i f fness  and increase the potent ia l  f o r  f a r  f i e l d  damage. 
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So f a r r  the specimens tested have only manifested geometric 
nonl i n e a r i t y  but not s i g n i f i c a n t  f a r  f i e l d  damager or mater ia l  
nonl inear i ty .  A geometry independent has been found f o r  t h i s  
case f o r  Hexcel T6C 145/F155. The more c r i t i c a l  test, howeverr w i l l  
be a geometry independent J determination f o r  specimens w i th  
IC 
s i g n i f i c a n t  f a r  f i e l d  damage. Such specimens a r e  cu r ren t l y  being 
prepared f o r  study. 
2.3.6 J-INTEGRAL MEASUREMENTS ON NEAT RESIN 
The use of  tougher neat res ins such as polycarbonate preclude the 
use of  l i n e a r  e l a s t i c  f r a c t u r e  mechanics. The use of  razor blades i n  
such d u c t i l e  t e s t  mater ia ls  I s  a lso suspect. 
development work t o  determine whether fat igue precracking i s  
necessary. 
t e s t s  according t o  ASWE813-81 t o  determine whether any modif icat ions 
o f  t h i s  approach developed f o r  metals i s  i n  order f o r  tougher 
polymeric materials. 
by a fac to r  of l O O X  t o  determine the s t ra in- rate sens i t i v i t y .  This 
%hakedownI1 work has been performed on polyethylene since a 1 imited 
amount o f  our model material polycarbonater w i th  and without cope1 
rubberr i s  available. Typical resu l t s  f o r  polyethylene a re  seen i n  
Figure 28. 
Thusr we have been doing 
We have also been doing single and m u l t i p l e  specimen 
We have a1 so been vary ing t h e  displacement r a t e  
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Zone fo r  Hexcel F185 Resi n and T6T145/F185 Composi tellr presented 
as i n v i t e d  paper a t  ACS In ternat ional  Symposium on Nonl inear 
Def ormati onr Fatigue and Fracture o f  Polymeric Mater ia l  S, 
accepted fo r  pub1 i c a t i  on i n Polvmer Sci e-andrlng, 
3.5 M. F. Hibbs and W. L. Bradleyr Wor re la t i on  Between 
Micromechanical F a i l  ure Processes and Delamination Fracture 
Toughness of Graphi te/Epoxy Systed'J Symposi urn on Fractography 
of Modern Engineering Mater ia l  SI Nashv I 1  l e r  ~ N J  November 1985. 
( i n  review) 
3.6 W. L. Bradleyr i nv i t ed  l e c t u r e  f o r  Gordon Research Conference on 
Composite Mater ia l  sr Santa Barbara, CAI January 1986r "Di  rec t  
Observations of Del amination Fracture Processestt. 
24 
3.7 W. L. Bradley and W .  M. Jordan8 "The Relationships Between Resin 
Ductil i ty and Composite Del amination Fracture T0UghneSS"r 
Proceedi ngs of Internati  onal Symposi um on Composi t e  Mater1 a1 s 
and Structures" (Beij ingr China; Juner  198618 pp. 445-450. 
4.0 OTHER REPORTS - The f i v e  month report of highlights of N&-1-443 
was s u b m i t t e d r  Juner  1985 t o  NASA. A Semi-Annual Progress Report for  
NASA Research Grant NAG 1-443 was submitted on March 12, 1986. 
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Tab1 e I. Def ormati on/Damage zone sizes f o r  composites; determined 
from in-si tu f rac ture  observations f o r  mode I delamination 
fracture.  
Composite Fiber Size of Damage Zone G 
System density ahead above/bel aw 
(vol.  X I  of  crack crack 
( m) ( m) 
AS4/3502 76.4 20 5 190 
F155 NR 20 7 335 
T6T145/ F 155 59.6 30 20 1015 
T6T145/F155 70.5 20 10 6 15 
T6T145/F 155 68.8 20 10 520 
F185 NR 75 35 455 
F 185 200 50 2205 
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Table IV. Fracture Toughness of Model Systems 
Neat Resin Compos i te Delamination 
JIc 
( J / m 2  
T300/BP907 280 330; 370b 
AS4W6/Lexan 6100 685: 900d *875 - 1000c 
AS4W6/Lexan-l0% cope1 --- 1170: 1800f *1650-1800e 
AS4/PEEK APC-2 --- 1400- 1858' 
840-969 
I 1160 
a 40.32% w/w resin 
b different batch 
c 41.8% w/w/ resin 
d 42.95% w/w resin 
e 36.6% w/w resin 
f 39.8% w/w resin 
for unstable propagation GIc 
y GIc for arrest 
I 
l z GIc from area method 
see text for further details 
3100 
' * Values reported here are from most recent results and are different from those 
I 
in the semi-annual report (March 12, 1986). 
3 0  
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Figure 1. In-situ mode 11 delamination of A S 4 1 3 5 0 1 - 6  using an 
end-notched flexure fixture ( 2 O O O X ) .  
31 
Figure 3. In-situ mode I loading of F185 resin ( 3 0 0 0 X )  with 1 5 0 A  
t h i c k  sputter coating of a g o l d J p a l l a d i u m  alloy. 
3 3  
F i g u r e  4 .  I n - s i t u  mode  I l o a d i n g  o f  F 1 8 5  r e s i n  c o a t e d  w i t h  A u / P d  
f i l m  s h o w i n g  a d e n s e  n e t w o r k  o f  m i c r o c r a c k s  a r o u n d  t h e  
c r a c k  t i p  w h i c h  w i l l  b e  s e e n  f r o m  t h e  d i s c u s s i o n  t o  b e  
m a i n l y  f i l m  m i c r o c r a c k s  r a t h e r  t h a n  s u b s t r a t e  m i c r o -  
c r a c k .  4 ( a )  3000X 4 ( b )  5000X 
3 4  
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F i g u r e  5 .  I n - s i t u  mode I d e l a m i n a t i o n  o f  T 6 T 1 4 5 / F 1 8 5  c o m p o s i t e  
s h o w i n g  m i c r o c r a c k i n g  a r o u n d  t h e  c r a c k  t i p  w h i c h  i s  
f i l m  a n d  s u b s t r a t e  m i c r o c r a c k i n g .  850X 
3 5  
F i g u r e  6. Rubber specimen that was stretched 3 0 % ,  sputter coated 
w h i l e  still stretched and then observed i n  t h e  SEM, 
s t i l l  stretched 30%. lOOOX 
3 6  
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F i g u r e  10. AS4-W6/Lexan M o d e  I d e l a m i n a t i o n  f r a c t u r e  s u r f a c e ;  
observed post-mortem in the SEM. 10(a) 200X; 
10(b) 1OOOX; 1O(c) 3000X; 10(d) 7000X. 
4 3  
F i g u r e  1O(c )  and 1 0 ( d ) .  ( c a p t i o n  o n  p r e v i o u s  p a g e ) .  
4 4  
Figure 1 1 .  AS4-W6/Lexan with 10% cope1 rubber. Post-morten 
fractography of fracture surface after mode I delam- 
ination. The many loose fibers and the high mag- 
nification examination of these fibers indicates 
very poor interfacial bonding. ll(a) lOOX ; 
ll(b) 4500X 

4 6  
F i g u r e  1 2 ( d )  and 1 2 ( e ) .  C a p t i o n  o n  p r e v i o u s  p a g e .  
4 7  
F i g u r e  13 .  Mode I d e l a m i n a t i o n  f r a c t u r e  o f  AS4-W6/Lexan 
f r a c t u r e d  i n - s i t u  i n  t h e  SEM. M a c r o c r a c k  
a n d  m i c r o c r a c k s  o b s e r v e d  a r e  c o n s i d e r e d  t o  b e  
r e a l  s u b s t r a t e  c r a c k s ,  n o t  j u s t  c o a t i n g  c r a c k s .  
1 3 ( a )  300X;  1 3 ( b )  11OOX; 1 3 ( c )  3 0 0 0 X ;  a n d  1 3 ( d )  3000X.  
4 8  
F i g u r e  13(d) and 1 3 ( e ) .  (caption on p r e v i ' o u s  page) 
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F i g u r e 1 5  ELS test configuration and associated parametere. 
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F i g u r e  2 2 .  M a c r o f r a c t o g r a p h i c  v i e w  o f  M o d e  I d e l a m i n a t i o n  
f r a c t u r e  s u r f a c e  f o r  PEEK c o m p o s i t e  s h o w i n g  t h e  
d u p l e x  a p p e a r a n c e  t h a t  r e s u l t s  f r o m  s t a b l e  a n d  
u n s t a b l e  d e l a m i n a t i o n  c r a c k  g r o w t h .  3 X  
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Figure 23 (a) Oy stress contour p l o t  and (b)  stress 
f i e l d  ahead of crack t i p ,  of s p l i t  laminate 
beam tested under mode I condit ions. 
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x / 2 h  
Figure 24 (a)  I x y  stress contour p l o t  and (b) stress 
f i e l d  ahead of crack t i p ,  of s p l i t  laminate 
beam tested under mode I1 conditions. 
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Crack Lmgth t c n l  
F i g u r e 2 8  J-R Curve for Non-annealed Razor  Notched PE 
APPENDIX I 
A COMPARISON OF THE CRACK TIP DAMAGE ZONE FOR FRACTURE 
OF HEXCEL F185 NEAT RESIN AND T6T145/F185 COMPOSITE 
E. A .  Chakachery and W. L. Bradley 
Texas A&M University 
College Station, TX 77445 
Presented at the ACS International Symposium 
on Non-Linear Deformation, Fatigue and Fracture 
of Polymeric Materials 
ABSTRACT 
A Compari son of the  Crack T i p  Damage Zone f o r  F r a c t u r e  o f  Hexcel 
F185 N e a t  Resin and T6T145/F185 Composite, E. A. Chakachery and W. L. 
B r a d l e y ,  Texas A&M U n i v e r s i t y ,  College S ta t i on ,  77843. Hexcel F185 
n e a t  r e s i n  and  T6T145/F l85  g r a p h i t e  f i b r e  r e i n f o r c e d  composite were 
s u b j e c t e d  t o  Mode I l o a d i n g  i n  the compact tens ion  geometry ( f i b r e s  
p a r a l l e l  t o  t h e  c r a c k )  a n d  t h e  e n e r g y  p e r  u n i t  a r e a  o f  c r a c k  
e x t e n s i o n ,  JIc d e t e r m i n e d  t o  b e  8100 and 1600 J/m2 r e s p e c t i v e l y .  
I n - s i t u  f r a c t u r e  s t u d i e s  i n  t h e  SEM o n  a CT- type specimen o f  F185 
I 
showed ex tens i ve  m ico rc rack ing  i n  a damge zone ahead o f  the crack t i p ,  
w h i c h  was s i m i  1 a r  t o  the  mic rocrack ing  observed i n  the .  whi tened area 
ahead o f  t h e  c r a c k  t i p  i n  t h e  macroscop ic  CT specimens. A simple 
c a l c u l a t i o n  u s i n g  a r u l e  o f  m i x t u r e s  approach s u g g e s t s  t h a t  t h e  
d im in i shed  s i z e  o f  t he  damage zone and the  presence o f  r i g i d  f i b r e s  i n  
t h e  damage zone i n  t h e  composite are n o t  a s u f f i c i e n t  e x p l a n a t i o n  t o  
a c c o u n t  f o r  t h e  s i g n i f i c a n t l y  l o w e r  . t oughness  o f  t h e  c o m p o s i t e  
compared t o  t h e  n e a t  r e s i n .  From t h i s  i t  m y  be i n f e r r e d  t h a t  the  
s t r a i n  t o  f a i l u r e  l o c a l l y  i n  the  damage zone ahead of the crack i n  the  
c o m p o s i t e  may a l s o  be l o w e r  t h a n  t h a t  which can be t o l e r a t e d  i n  the  
n e a t  r e s i n .  E v i d e n c e  f o r  t h i s  i d e a  comes from the observa t ion  t h a t  
m i c r o c r a c k  c o a l e s c e n c e  seems t o  o c c u r  p r e f e r e n t i a l l y  a t  t h e  
f i b r e / r e s i n  i n t e r f a c e .  
INTRODUCTION 
D e l a m i n a t i o n  i n  g r a p h i t e  f i b r e  r e i n f o r c e d  r e s i n  composites i s  
w e l l  known t o  l i m i t  t h e  e x t e n s i v e  use  o f  t h e s e  m a t e r i a l s  i n  some 
s t r u c t u r a l  a p p l i C a t i O n S .  Much e f f o r t  has been d i r e c t e d  i n  the pas t  
d e c a d e  t o w a r d s  imprOv i  ng t h e  delami n a t i o n  f r a c t u r e  toughness  o f  
g r a p h i  t e / e p o x y  c o m p o s i t e s  (1-10). S i n c e  t h e  d e l  ami n a t i o n  c r a c k  
p r o p a g a t e s  t h r o u g h  t h e  i n t e r l a m i n a r  r e s i n  r i c h  reg ion,  t he  emphasis 
h a s  been on  o b t a i  n i  ng epoxy res ins  w i t h  improved f r a c t u r e  toughness. 
The a d d i t i o n  o f  e l a s t o m e t r i c  mod i f i e rs  was shown (1-6) t o  d ramat i ca l l y  
i n c r e d s e  t h e  f r a c t u r e  toughness, GIc, o f  t h e  m a t r i x  r e s i n ,  b u t  
r e s u l t e d  On ly  i n  a modest  i n c r e a s e  i n  t h e  d e l a m i n a t i o n  f r a c t u r e  
t o u g h n e s s  o f  t h e  c o m p o s i t e  ( 7 , 8 ) .  T h i s  was shown (8-10) t o  be 
p r i m a r i l y  due t o  t h e  reduced volume o f  r e s i n  deformat ion i n  the  damage 
zone ahead o f  t he  de aminat ion crack t i p  s ince the f i b r e s  a c t  as r i g i d  
f i l l e r s  i n  the  d u c t i  e ma t r i x .  Evidence i n  suppor t  o f  t h i s  conc lus ion  
was o b t a i n e d  (9,lO) from the  observat ion t h a t  a decrease i n  the f i b r e  
vo lume f r a c t i o n  r e s u l t e d  i n  an increase i n  the de laminat ion  f r a c t u r e  
toughness .  The c u r r e n t  i n v e s t i g a t i o n  was u n d e r t a k e n  t o  at tempt  t o  
c o r r e l a t e  t h e  d e l a m i n a t i o n  f r a c t u r e  toughness o f  the composite w i t h  
t h e  f r a c t u r e  toughness  o f  t h e  neat res in .  The de terminat ion  o f  the  
f r a c t u r e  processes occu r r i ng  i n  the  v i c i n i t y  o f  the crack t i p  i n  bo th  
t h e  composite and the  neat  r e s i n  was a necessary f i r s t  step. I f  these 
e v e n t s  a r e  n o m i n a l l y  t h e  same, t h e n  t h e r e  may be a r e l a t i o n s h i p  
between neat  r e s i n  toughness and delami n a t i o n  toughness. 
To s t u d y  t h e  r e l a t i o n s h i p  between neat  r e s i n  f r a c t u r e  toughness 
and composite delami n a t i o n  f r a c t u r e  toughness, i n - s i  t u  observat ions o f  
e a c h  f r a c t u r e  p r o c e s s  h a v e  been made i n  t h e  scann ing  e l e c t r o n  
m i  c roscope.  These observat ions have been c o r r e l a t e d  w i  t h  macroscopic 
measurements o f  a compos i te  made f rom t h i s  n e a t  res in .  A simple 
model has been proposed t o  r e l a t e  the mlCrOSCOpiC observat ions o f  the 
f r a c t u r e  p r o c e s s e s  t o  t h e  observed macroscop ic  measurements o f  
f r a c t u r e  toughness. 
The r e s i n  system se lec ted  f o r  t h i s  study was the F185 fo rmula t ion  
c o m m e r c i a l l y  a v a i l a b l e  from Hexcel Corp. It i s  a r e l a t i v e l y  d u c t i l e  
e p o x y  (9% e l o n g a t i o n  i n  a 2.5 c m  gage s e c t i o n )  w i t h  a r e p o r t e d  
f r a c t u r e  toughness  of  6000 J/m (7,111. The r e s i n  i s  p r i m a r i l y  a 
d i g l y c i d y l  e t h e r  o f  b isphenol  A ,  (DGEBA), n o d i f i e d  by the a d d i t i o n  o f  
8.1 w t %  o f  l i q u i d  CTBN ( H y c a r  1300 x 13), a c a r b o x y l  t e r m i n a t e d  
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c o p o l y m e r  o f  butadiene and a c r y l o n i t r i l e .  It i s  f u r t h e r  toughened by 
8 
t h e  a d d i t i o n  o f  5 .4  w t %  o f  Hycar 1472, a pre-reacted s o l i d  elastomer 
i n  a b imoda l  p a r t i c l e  s i z e  d i s t r i b u t i o n  o f  nominal ly 2 pm and 8 am 
d i a m e t e r s .  The l i q u i d  C T B N  undergoes p a r t i a l  phase separat ion i n t o  
p a r t i c l e s  va ry ing  from 0.1 m t o  10 m i n  size. The p o r t i o n  t h a t  does 
n o t  p h a s e  s e p a r a t e  o u t  b e f o r e  g e l a t i o n  o f  t h e  epoxy remains  i n  
s o l u t i o n  i n  t h e  epoxy m a t r i x  and has a p l a s t i c i z i n g  e f f e c t  on the 
r e s i n  ( 3 , 4 ) ,  t h u s  l o w e r i n g  t h e  y i e l d  s t r e n g t h  o f  the epoxy mat r ix .  
T h e  p h a s e  s e p a r a t e d  C T B N  u n d e r g o e s  d i l a t a t i o n  and r u p t u r e  by 
c a v i t a t i o n  (5,6) t h u s  r e d u c i n g  the  t r i a x i a l  s t a t e  o f  s t ress  i n  the  
v i c i n i t y  o f  t h e  p a r t i c l e .  Th is  has the e f f e c t  o f  l o c a l l y  inc reas ing  
t h e  shear  s t r e s s  and p r o m o t i n g  deformat ion through the format ion o f  
shear bands (5,6). 
EXPERIMENTAL PROCEDURES 
Ma te r i  a1 s and Specimen Prepara t ion  
The F185 neat  r e s i n  and the T6T/145/F185 graphi  te/epoxy composi t e  
used  were b o t h  s u p p l i e d  by Hexcel Corporat ion.  Plates,  1.25 cm, 0.5 
cm, and 0.2 cm t h i c k ,  o f  F185 were received as cast, and were machined 
a c c o r d i n g  t o  ASTM E 813-81 t o  obtain standard 1T compact tens ion (CT) 
specimens, b u t  w i th  a th ickness of 1.25 cm. The T6T145/F185 composite 
was  o b t a i n e d  b o t h  a s  p r e i m p r e g n a t e d  t a p e  ( 2 5  cm w i d e )  and as 
u n d i r e c t i o n a l  p l a t e s ,  90 p l i e s  t h i c k  ( A )  and 2 4  p l i e s  t h i c k  ( B ) .  
Compact t e n s i o n  Specimens were machined from p l a t e  A such t h a t  the 
f i b e r s  and the  laminate lay-up ax is  were t ransverse t o  the l oad  l i n e ,  
w i t h  t h e  d i r e c t i o n  o f  c r a c k  propagat ion p a r a l l e l  t o  the f i b res .  As 
w i t h  t h e  F185 r e s i n  these were standard 1T compact tens ion specimens 
w i t h  a t h i c k n e s s  o f  1.25 cm. P l a t e  B conta ined a t e f l o n  s t r i p  ( 2.5 
cm wide ,  r u n n i n g  p e r p e n d i c u l a r  t o  the f i b r e  d i r e c t i o n  ) between the 
t w e l f t h  and t h i r t e e n t h  p l i e s .  This c rea ted  a reg ion  o f  debond which 
a c t e d  as an i n i  t i  a1 d e l  ami n a t i o n  c r a c k .  Two undi r e c i  tona l  p la tes ,  
s i x t e e n  p l i e s  ( C )  and t w e l v e  p l i e s  t h i c k  ( D ) ,  were l a i d  up f r o m  the 
preimpregnated tape w i t h  mid-plane t e f l o n  i n s e r t s  ( a s  i n  p l a t e  B ) ,  and 
c u r e d  a c c o r d i n g  t o  the  schedule described i n  the s p e c i f i c a t i o n  sheet 
s u p p l  l e d  by H e x c e l  C o r p o r a t i o n .  Double c a n t i l e v e r  beam ( D C B )  
specimens (2.5 cm wide and 25 cm long) were machined f r o m  p la tes  B ana 
C such t h a t  t h e  f i b r e  d i r e c t i o n  was p d r a l l e l  t o  the specimen length.  
Tabs wh ich  a l lowed f o r  f ree  r o t a t i o n  were bonded t o  the DCB specimens 
n i  ti a1 delaml na t ion  crack. a t  t he  end w i t h  the 
M i n i a t u r e  DCB specimens of  the composite (3 .8  cm l o n g  and 0.7 cm 
wide)  were c u t  f rom p l a t e  D and minature CT-type specimens o f  the  neat  
r e s i n  ( 4  cm long, 2.8 cm wide and 0.2 cm t h i c k )  were a l s o  machined f o r  
i n - s i t u  s t u d i e s .  These were  ground, p o l i s h e d  (0 .25  Qm), c l e a n e d  
u l t r a s o n i c a l l y  a n d  c o a t e d  w i t h  a Au/Pd a l l o y  (1.150 A)  p r i o r  t o  
o b s e r v a t i o n  i n  t h e  scanning e l e c t r o n  m i  croscope. 
Specimen T e s t i n g  
A l l  macroscopic t e s t i n g  o f  DCB and CT specimens were performed on 
a M a t e r i a l s  T e s t  System (MTS) servo-hydrau l i c  machine i n  displacement 
c o n t r o l  u n d e r  q u a s i - s t a t i c  l o a d i n g  c o n d i t i o n s  (4x10': t o  7x10 cm/sec) 
- 5' -5 
a t  room temperature.  Load-di spl acement records were ob ta ined d i r e c t l y  
f r o m  t h e  MTS s t r i p  c h a r t  r e c o r d e r  a n d  w e r e  a l s o  d i g i t i z e d  
s i m u l t a n e o u s l y  v i a  a H e w l e t t - P a c k a r d  HP 3497A Data A c q u i s i t i o n  U n i t  
and s t o r e d  through a HP 9816 desk-top computer. A l l  CT specimens were 
m a c h i n e d  w i t h  a c h e v r o n  n o t c h  and were pre-cracked i n  f a t i g u e  u n t i l  
t h e  c r a c k  f r o n t  was o u t  o f  t h e  chevron.  F a t i g u e  l o a d  l i m i t s  were 
d e t e r m i  ned a s  p e r  ASTM E 399-81 f o r  the composite and ASTM 813-81 f o r  
t h e  F185 r e s i n .  P o s t - m o r t e m  f r a c t o g r a p h y  was p e r f o r m e d  on a JEOL 
JSM-25 s c a n n i n g  e l e c t r o n  mic roscope.  A JEOL JSM-35CF s c a n n i n g  
e l e c t r o n  microscope equipped w i t h  a JEOL 35-TS2 t e n s i l e  stage was used 
f o r  t h e  f r a c t u r e  s t u d i e s  i n - s i t u  i n  the  SEM. Photomicrograpnic s t i l l s  
and r e a l - t i m e  v ideotapes were obta ined o f  the f r a c t u r e  processes. 
RESULTS, ANALYSIS AND DISCUSSION 
Macroscopic F rac tu re  Toughness Measurements 
The l o a d - d i  sp lacement  reSu1 t S  f o r  t h e  de laminat ion  t e s t s  were 
a n a l y z e d  u s i n g  a r e l a t i o n s h i p  d e r i v e d  f r o m  l i n e a r  beam t h e o r y  by 
Devi tt e t  a1 (121,  namely, 
P2L2 G =  
BE1 
(1 )  
where P i s  t h e  l o a d ,  L i s  the  crack length,  8 i s  the width,  E i s  the 
t e n s i l e  modulus and I i s  t h e  r o t a t i o n a l  moment o f  i n e r t i a  f o r  each 
h a l f  o f  t h e  s p l i t  l a m i n a t e .  The r a t i o  o f  load  l i n e  displacement t o  
c r a c k  l e n g t h  remained w e l l  be low t h e  l i m i t  o f  0.6 f o r  l i n e a r  beam 
t h e o r y  t o  be a p p l i c a b l e  (12). The crack l eng th  was measured v i s u a l l y  
a t  t h e  s u r f a c e  a t  approximately f i f t e e n  d i sc re te  p o i n t s  and the loads 
a n d  d i  sp lacements  r e c o r d e d  a t  these same p o i n t s .  C r i t i c a l  energy 
re lease  r a t e s  cou ld  then be ca lcu la ted  f o r  each po in t .  The ca l cu la ted  
G values remained e s s e n t i a l l y  constant f o r  var ious crack lengths.  An 
ave rage  o f  t h e  c a l c u l a t e d  values a f t e r  the t r a n s i e n t  was found t o  be 
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1900 J / m L  . 
T h e  11 c o m p a c t  t e n s i o n  spec imens  o f  F185 was t e s t e d  i n  
d i s p l a c e m e n t  c o n t r o l  w i t h  m u l t i p l e ,  p a r t i a l  u n l o a d i n g  t o  a l l o w  
d e t e r m i n a t i o n  o f  t h e  c r a c k  ex tens ion  by the compliance method. The 
1 oad-di spl acement record was q u i t e  nonl i near ( F i  g.  11, necess i ta t i ng  a 
J - i n t e g r a l  a n a l y s i s  a c c o r d i n g  t o  A S T M  E813-81. A w e l l  def ined J-R 
c u r v e  was obta ined from which a JIcvalue of 8100 J l d w a s  detennined. 
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Th is  i s  considerably h igher  than the va lue of 6000 J/m repor ted  by the  
m a n u f a c t u r e r  ( 1 1 ) .  Th is  d i f f e rence  may be due t o  our use of f a t i g u e  
p r e c r a c k i n g  r a t h e r  t h a n  r a z o r  n o t c h i n g  o r  due t o  o u r  use o f  a 
n o n l i n e a r  r a t h e r  t h a n  l i n e a r  analysis.  I f  we use the l i n e a r  e l a s t i c  
a n a l y s i s  i n  ASTM E399-81,we o b t a i n  a K va lue  o f  2700 J/m from the 5% 
Q' secant o f f s e t  value of Pa. 
and the specimen th ickness i s  l e s s  than t h a t  requ i red  by ASTM-E399 f o r  
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However, Pmax i s  much grea ter  than 1.1 P 
K t o  be equa l  t o  K . Thus, the l i n e a r  e l a s t i c  ana lys i s  i s  i n v a l i d  
Q I C  
f o r  o u r  specimen size.  I f  we use Pmax and the actual  crack length  a t  
Pmax i n  a LEFM c a l c u l a t i o n ,  we obta in  a "K " which has an equ iva len t  
G o f  6300 J/m2 w h i c h  i s  s i m i l a r  t o  the 6000 J/$ obta ined by Bascom 
( 2 )  u s i n g  a s i m i l a r  approach. We be l i eve  t h a t  the value of 8100 J/m2 
I C  
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o b t a i n e d  i n  t h i s  work u s i n g  f a t i g u e  p r e c r a c k e d  specimens and a 
J - i n t e g r a l  a n a l y s i s  i s  a more mean ing fu l  measure o f  t h e  f r a c t u r e  
toughness o f  the  F185 res in .  
A J - i n t e g r a l  approach was also used t o  analyze the data obta ined 
i n  t h e  CT specimens o f  t h e  composite. The JIc f o r  t ransverse crack 
g r o w t h  t h u s  o b t a i n e d  was 1600 J/m2 wh ich  compares very  w e l l  w i t h  
r e c e n t  r e s u l t s  by Bascom (13) .  The macroscopic t e s t  may be summarized 
a s  f o l l o w s :  t h e  n e a t  r e s i n  f rac tu re  toughness was 8100 J/m whereas 
t h e  d e l a m i  n a t i o n  a n d  t r a n s v e r s e  c r a c k i n g  i n  t h e  compos i te  gave 
toughness values of  1900 J/r& and 1600 J/n? respec t i ve l y .  Thus, crack 
growth i n  the composite p a r a l l e l  t o  the f i b r e  d i r e c t i o n  i s  rmch eas ie r  
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than  crack growth i n  the neat resin.  
I n - S i t u  and Post  Mortem Frac tu re  Observations i n  SEM 
F r a c t u r e  s tud ies  conducted i n  the scanning e l e c t r o n  microscope on 
t h e  F185 n e a t  r e s i n  i n d i c a t e  t h a t  t h e  zone ahead o f  the crack t i p  
undergoes  e x t e n s i v e  m i  c r o c r a c k i  ng ( F i g .  2 ) .  There has been some 
r e c e n t  controversy as t o  whether these are a c t u a l l y  microcracks i n  the 
r e s i n  o r  microcracks i n  the 150A th ick gold-pal ladium coa t ing  app l i ed  
t o  t h e  specimens t o  m i n i m i z e  charging. To t r y  t o  v e r i f y  t h a t  these 
a r e  a c t u a l  microcracks i n  the  mater ia l ,  we have recen t l y  po l i shed  two 
s i d e s  o f  an AS4/3501-6 graph1 te/epoxy composi te ,  coated one s ide w i t h  
a 150A t h i c k  l a y e r  of gold-pal ladium i n  the usual way, delaminated the  
spec imen i n  t h e  SEM,  removed the  specimen w i t h  the wedge i n  t a c t  t o  
a v o i d  V i  scoe l  a s t i c  recovery and closure o f  the mi  crocracks, and then 
, c o a t e d  t h e  o t h e r  s i d e  w i th  gold-palladium i n  the usual way, and then 
exami ned i t  i n  t h e  SEM w i t h  the wedge s t i l l  i n  tac t .  The r e s u l t s  o f  
t h i s  e x e r c i s e  are  presented i n  Figures 3 (a )  and 3 ( b ) .  The microcrack 
m o r p h o l o g y  on  t h e  s i d e  c o a t e d  and t h e n  deformed i s  e s s e n t i a l l y  
i n d i  s t i n g u i s h a b l e  f r o m  t h e  m i  c rocrack  morphology seen on the s ide 
de fo rmed  and then coated. Thus, we be l ieve  t h a t  the Au/Pd coa t ing  i s  
n o t  r e s p o n s i b l e  f o r  t he  m i c r o c r a c k i n g  seen on t h e  s u r f a c e  o f  our 
s pec i me ns . 
The m i c r o c r a c k e d  r e g i o n  ahead o f  the crack t i p  o f  the F185 neat  
r e s i n  ( F i g .  2 )  ex tends  60-70 um above and below the crack t i p  and i s  
shaped somewhat l i k e  a k i d n e y  bean. Crdck propagat ion under f i x e d  
g r i p  c o n d i t i o n s  o c c u r r e d  i n  a d i s c o n t i n u o u s  manner  v i a  a 
time-dependent coalesc ing o f  the m i  crocracks ahead o f  a b lun ted  crack 
t i p .  W i  t h  each success ive extension, crack advance o f  120-150 ;m was 
observed,  r e s u l t i n g  i n  a ve ry  sharp c rack  t i p  w i t h  r e l a t i v e l y  few 
m i  c r o c r a c k s  ahead o f  it. The appl ied crack opening d i  splacement was 
t h e n  i n c r e a s e d  e s s e n t i a l  l y  i n s t a n t a n e o u s l y ,  and w i t h  t h i s  increase,  
t h e  m i  c rocrack  dens1 t Y  ahead O f  t h e  crack t i p  woul d gradual  l y  inc rease 
w i t h  t i m e ,  accompan ied  by C r a L ’  : ,- b l u n t i n g  a t  the former ly  sharp 
c r a c k  t i p .  A g a i n ,  a c r i t i c a l  d e n s i t y  o f  m ic rocracks  ( o r  crack t i p  
s t r a i n )  i s  r e a c h e d  a n d  c r a c k  e x t e n s i o n  o c c u r s  by m i c r o c r a c k  
c o a l e s c e n c e  a s  b e f o r e .  E v i d e n c e  o f  t h i s  p r o c e s s  i s  seen i n  t h e  
p o s t - m o r t e m  f r a c t o g r a p h i c  examinat ion  as r e l a t i v e l y  f l a t  reg ions  o f  
c rack  extens ion,  separated by t h e  small l i p s  which probably  a r i s e  from 
crack  t i p  b l u n t i n g ,  p reced ing  t h e  next crack ex tens ion  ( F i g .  4 ) .  This  
appearance i s  t y p i c a l  over  t h e  whole f r a c t u r e  surface, i n d i c a t i n g  t h a t  
t h e  phenomena observed a t  t h e  surface i s  t y p i c a l  o f  the  bu lk  f r a c t u r e  
behav io r .  
I f  c r a c k  e x t e n s i o n  does i ndeea occur by m i  c rocrack coalescence, 
t h e n  t h e  r e l a t i v e l y  f l a t  reg ions  between l i p s  seen i n  F i g u r e  4 ( a )  and 
( b )  s h o u l d  b e  f o u n d  on e x a m i n a t i o n  a t  h i g h e r  m a g n i f i c a t i o n  t o  be 
c o m p o s e d  o f  many s m a l l  f a c e t s  w i th  l e d g e s  be tween them. T h i s  i s  
e x a c t l y  what  i s  observed a t  10,OOOX m a g n i f i c a t i o n ,  as shown i n  F i g u r e  
4 ( c ) .  It i s  w o r t h  n o t i n g  t h a t  even a t  t h i s  very h i g h  m a g n i f i c a t i o n  
t h a t  t h e  i n d i v i d u a l  f a c e t s  do n o t  seem t o  have f r a c t u r e d  by a b r i t t l e  
c l e a v a g e .  T h e  s u r f a c e  i s  r e l a t i v e l y  t e x t u r e d ,  w i t h  c a v i t a t i o n  
p r e s u m a b l y  a t  t h e  r u b b e r  p a r t i c l e  a d d i t i o n s ,  which suggests t h a t  the 
m i c r o c r a c k i n g  i s  a r e s u l t  o f  heterogeneous n u c l e a t i o n  and growth by 
p r o c e s s e s  w h i c h  r e q u i r e  some l o c a l  d e f o r m a t i o n .  T h u s ,  t h e  
m i c r o c r a c k i n g  may be a r e s u l t  o f  h e t e r o g e n e i t i e s  i n  the r e s i n  which 
f a c i  1 i t a t e  crack n u c l e a t i o n  and growth. 
I f  t h e  m i  c r o c r a c k s  were j u s t  a r e s u l t  of c o a t i n g  crack ing,  the  
e x p l a n a t i o n  would s t i l l  be much the same except  t h a t  the  mic rocrack ing  
w o u l d  c o r r e s p o n d  t o  Some t h r e s h o l d  l e v e l  o f  r e s i n  s t r a i n  w i t h  the 
m i  c r o c r a c k  coa lescence cor res ,  .g t o  some c r i t i c a l  s t r a i n  t o  
f a i l u r e  i n  t h e  r e s i n .  Thus, though we be l ieve  t h a t  the microcracks 
a r e  i n  t h e  r e s i n  r a t h e r  than i n  the coat ing,  the in ference concerning 
t h e  s i z e  o f  the deformation/damage zone ahead o f  the crack t i p  can be 
made e q u a l l y  w e l l  i n  e i t h e r  case. I t  s h o s l d  a l s o  be n o t e d  t h a t  
m i c r o c r a c k i n g  and d e f o r m a t i o n  have t h e  same b e n e f i c i a l  e f f e c t  o f  
r e d i s t r i b u t i n g  the l oad  away from the crack t i p  and lower ing the l o c a l  
s t r e s s e s  a t  t h e  c r a c k  t i p .  Thus, f rom a p h y s i c a l  p o i n t  o f  view, 
e i t h e r  process enhances toughness. 
I n - s  i t u  d e l  ami n a t i  on s tud ies  on T6T145/F185 composite show t h a t  
t h e  r e s i n  m i c r o c r a c k s  q u i t e  extens ive ly  i n  the v i c i n i t y  o f  the crack 
t i p .  The microcrack ing extends f r o m  the i n te r l am ina r  reg ion  and i n t o  
t h e  p l y  a b o u t  50 vrn above and below the crack (F ig .  5 ) .  Here, as i n  
t h e  r e s i n ,  t h e  c r a c k  propagates by microcrack coalescence and i n  the 
same d i s c o n t i n u o u s  manner. A t  each s tage,  however, the crack t i p  
b l u n t i n g  i s  a p p a r e n t l y  l e s s  t h a n  i n  t h e  F185 r e s i n  and  t h e  
d i s c o n t i n u o u s  e x t e n s i o n  v a r i e s  f r o m  40-100 sm. The coalescence o f  
m i  c r o c r a c k s  o c c u r s  predominantly a t  the f i b r e  r e s i n  i n te r face .  T h u s  
i t  appears t h a t  the presence o f  the f i b r e s  prevents the development o f  
t h e  f u l l  r e s i n  t o u g h n e s s  f r o m  b e i n g  r e a l i z e d  due t o  p remature  
microcrack coalesence a t  the f i b r e  res in  i n te r face .  
The presence o f  the r i g i d  f ib res  a l so  r e s t r i c t s  the he igh t  above 
a n d  b e l o w  t h e  d e l a m i n a t i o n  p l a n e  o v e r  w h i c h  d e f o r m a t i o n  and 
mic rocrack ing  occurs ( 100 P r n  i n  t h e  composite, compared t o  130 a m  i n  
t h e  r e s i n ) .  However, the reg ion  o f  microcrack ing ahead o f  the crack 
I 
I 
t i p  i s  ac tua l ly  increased from 25 'sm i n  the resin t o  abou t  50 pm i n  
the composite. 
T h e  fracture Surface Of the :2?ldiilI ilated specimens showed evidence 
of cavitation, void ing  and microcracking(Fig. 6 ) .  T h e  resin region of 
t h e  compos i t e  d e l a m i n a t i o n  f r a c t u r e  sur face  shows more coarse 
c a v i t a t i o n  than i n  the neat F185 resin fracture surface, where voids 
were re1 a t i  vely f i n e  a n d  more homogeneously dispersed. Furthermore, 
t h e  voids seem t o  be more dense i n  the resin adjacent to  the f ibres  
( F i g .  6 ( a ) , ( b ) .  The f i b r e  res in  i n t e r f a c e  probably provides 
heterogeneous nucleat ion s i t e s  f o r  p r e c i p i t a t i o n  of  the C T B N  and  
f aci 1 i t a t e s  the growth  of larger particles. Microcrack coalescence a t  
t h e  f ib re .  rg s in  i n t e r f a c e  r e s u l t s  i n  the highly scalloped features 
noticeable i n  Figure 6 ( b ) .  
A Model t o  Predict Delamination Toughness from Neat Resin Toughness 
A f i r s t  order estimate of the delaminat ion fracture toughness may 
be obtained by assuming t h a t  the  delamination f r ac tu re  process i s  
essent ia l ly  the same as the fracture proc.ess i n  the neat resin, except 
t h a t  t he  f i b r e s  a c t  as  a r i g i d  f i l l e r ,  reducing t h e  volume of resin 
a v a i l a b l e  t o  deform i n  the crack t i p  region. I t  has previously been 
suggested by Bradley a n d  Cohen ( 8 )  t h a t  the energy dissipation per 
u n i t  a r ea  of  crack extension may be calculated by picturing a small 
t e n s i l e  specimen ahead of the crack t i p  w h i c h  i s  slowly stretched a s  
t h e  c rack  t i p  approaches  a n d  f i n a l l y  breaks  a s  the crack t i p  
passses(Fig. 7 ) .  The energy absorbed per u n i t  area of crack extension 
would be ca l cu la t ed  f o r  such a model by summing the energy abosrbed 
per u n i t  volume of material over the  volume of the hypothetical 
t e n s i l e  specimen. Such a summation -4y be written mathematically as 
follows: 
where G i s  t h e  f r a c t u r e  toughness  o f  the mater ia l  I 
2 h  i s  the height of the hypothetical tensile bar 
a i j  i s  a component of the s t ress  tensor 
The add i t ion  of f i b e r s  t o  the neat r e s in  can perturb the energy 
c a l c u l a t i o n  i n  E q u a t i o n  2 i n  several ways. First, the extent o f  the 
d e f o r m a t i o n  zone m i g h t  be changed ( i . e . ,  t h e  h e i g h t  of o u r  
hypothetical tensi le  specimen), changing the value o f  h i n  Equa t ion  2 .  
Second, r i g i d  f i l l e r  would further reduce the effective gage length of  
ma te r i a l  capable o f  deforming i n  o u r  hypothetical tensi le  specimen. 
Third, f ib re  constraint  and  or debonding could change the local s t ra in  
t o  f r a c t u r e .  These th ree  fac tors  could potentially account f o r  the 
decrease  i n  f r a c t u r e  toughness from 8lOOJ/n? i n  the F185 resin t o  
1900J/mZ i n  the composite delamination fracture toughness. The f i r s t  
t w o  o f  t h e s e  t h r e e  f a c t o r s  can be q u a n t i f i e d  based on actual  
observa t ions .  I f  one assumes t h a t  mi crocracking beg1 ns for s t ra ins  
above a threshold s t ra in ,  then the extent of the microcracked zone can 
be used t o  q u a n t i f y  t h e  magnitude of the h i n  Equat ion 2 .  
A c ross - sec t ion  o f  the composite prepared metallographically t o  
revea l  the  micros t ruc ture  (Figure 8 )  may be used to  determine the 
volume f r a c t i o n  o f  f ibres  i n  the hypothetical tensi le  specimen ahead 
o f  t h e  crack t i p .  Since the volume fraction i s  quite nonuniform, the 
I 
microstructure  was divided into three regions: the resin r i c h  region 
between pl ies  w i t h  a f ibre  volume fraction Of 19%; the ply region w i t h  
a volume fraction of f ibres o f  76,- a transit ion zone w i t h  a volume 
f r a c t i o n  of approximately 332. The relative heights of these three 
reg ions  a r e  shown i n  the schematic i n  Figure 8, along w i t h  the height 
o f  t h e  microcracked zone i n  t h e  F185 resin. Using a simple rule of 
mixtures approach, and  t a k i  ng account of the smaller m i  crocracked (and  
deformed) zone, one may estimate the delami n a t i o n  fracture toughness 
t o  be 40003/m as  shown below: 2 
Th i s ca l  cul a t i  on imp1 i c i  t ly  assumes t h a t  the local s t ra in  t o  fracture 
i n t h e  F185 r e s i n  a n d  the composite are the same and t h a t  the s t ress  
d i s t r i b u t i o n  i s  also similar, a t  least on the average. 
Since the  measured value of  delamination fracture toughness i n  
t h i s  system i s  1900 J/m2 , the estimated value of 4000J/m2 i s  seen t o  
be q u i t e  excessive.  I t  a l s o  strongly suggests w h a t  the i n - s i t u  
f r a c t o g r a p h  h a s  a l r e a d y  i n d i c a t e d ;  namely,  t h a t  pre 
m i  crocrack nucleation a t  the f ibre/resin interface leads t o  
f a i l u r e ,  preventing the realization of 4000J/m2 t h a t  m i g h t  
b e  poss ib le .  This suggests t h a t  more a t t e n t i o n  t o  the 
e r e n t i a l  
premature 
otherwi se 
nte rp hase 
region i s  required i f  a greater f r a c t i o n  of the in t r ins ic  toughness of 
t h e  neat  resin i s  t o  be manifested i n  delamination fracture toughness 
o f  t h e  f ibre  reinforced composite material. 
SUMMARY 
1. The delami n a t i o n  fracture toughness of the T6T145/F185 composi te  
i s 1900 J/m whereas the fracture toughness of the neat F185 resin 
i s  8100 J/m . 
Microcracking i n  the resin appears to  be a s ignif icant  deformation 
mode fo r  load redistribution a t  the crack t i p .  
Crack progagat ion  occurs i n  a discontinuous manner t h r o u g h  micro- 
crack coalescence ahead of the crack t i p .  
2 
2 
2. 
3 .  
4.  I n  the C O m p O S i t 2 ,  the microcracking i s  coarser and coalescence 
seems t o  occur  p r e f e r e n t i a l l y  a t  the r e s i n - f i b r e  in t e r f ace .  
The height of the deformation zone, above and below the plane of 
crack propagation, i s  greater i n  the resin t h a n  i n  the composite. 
Comparison of the relative heights of the damage zone yielded 4000 
J/m a s  a calculated delamination G f o r  the composite, which i s  
IC 
a n  over-estimation by a factor of two. 
5 .  
6. 
2 
7 .  I t  may be inferred that  the strain to fa i lure  i n  the composite i s  
1 owered, probably due t o  premature m i  crocrack coalescence a t  the 
resin fibre interface. 
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L i  s t  o f  Nomenclature 
8 Width of double Cant i lL  3eam specimen 
E E l a s t i c  modulus i n  the  f i b r e  d i r e c t i o n  
E i j  F a i l u r e  s t r a i n  f o r  s t r a i n  component 
Delami na t i on  f rac tu re  toughness under Mode I load1 ng 
G I c  
h He igh t  of damage zone above the plane of crack propagation 
(2h = t o t a l  he igh t )  
Same as above for r e s i n  hO 
h h h Same as above f o r  the composite i n  regions o f  d i f f e r i n g  
*’ ’’ f i b r e  volume f r a c t i o n  
I Moment o f  i n e r t i a  o f  one h a l f  o f  the DCB specimen 
J Resin f r a c t u r e  toughness under Mode I loadlng, - 
L C r a c k  l e n g t n  (equivalent-!earn Tengtb f o r  I t n e a r  -- beam 
ana lys i s )  
0 i j  Component t o  s t ress  tensor representtng s t ress  i n  hypo the t i ca l  t e n s i l e  ba r  (see Fig. 7) 
c 
- 
. .* . ”  
P Load appl i ed t o  spl i t 1 ami nate 
FIGURES 
1. 
2.  
3 .  
4 .  
5. 
6. 
Load-dl sp l  acement record f o r  
res1  n showi ng cons1 derable no;. I I near i  ty . W a C t  tens ion specimen o f  F185 
Mic rocrack ing  ahead o f  the crack t i p  i n  F185 r e s i n  showing crack 
g r w t h  sequence under a constant  appl l e d  displacement. 
( a )  1500x. Shape of the damage zone. A r r o w  markers correspond 
t o  reg ions s i m i l a r l y  marked i n  F igu re  2(e) .  
( b )  3000x. D e t a i l  o f  crack t i p .  A r r o w  markers here correspond t o  
s i m i l a r l y  marked regions i n  F igures  2 ( c )  and Z(d).  
( c )  9OOx. Crack propagat ion through m i  crocrack coalescence t o  
form a very sharp n a r r w  crack. 
( d )  5000x. Crack extens ion o f  about 22 m. New crack t i p  i s  very 
sharp. 
(e )  1000~ .  B l u n t i n g  o f  new crack t i p  w i t h  development o f  damaqe 
zone ahead of the t i p .  Total crack growth i n  the sequence i s  
about  140 m (compare w i t h  F igure 2 (a ) ) .  
M ic rocrack ing  ahead o f  the  crack t i p  i n  AS4/3502 a t  3000x. 
( b )  coated a f t e r  l oad ing  
( a )  coated p r i o r  t o  load ing  5; . 
F rac tu re  sur face o f  F185 res in .  
r i g h t .  
Crack g r w t h  i s  from l e f t  t o  
( a )  330x. Away from the f ree  surface. Arrows i n d i c a t e  a l i p  
formed by crack t i p  b lun t i ng  a f t e r  a growth sequence. 
( b )  330x. J u s t  ad jacent  t o  the f ree  surface. 
( c )  10,000~.  D e t a i l  o f  a r e l a t i v e l y  f l a t  reg ion i n  (a ) .  
c a v i t a t i o n  due t o  phase separated CTBN. Facets separated 
by ledges probably correspond t o  m i  crocrack coalescence. 
1OOOx. I n  s i  t u  delami na t i on  o f  T6T145/F185 composite showing 
mic rocrack ing  i n  the damage zone ahead o f  the crack t i p .  
Note microcrack ing i s  more dense adjacent t o  the f i b res .  
P r e f e r e n t i  a1 m i  crocrack coalescence near the r e s i  n f i b r e  
i n te r face  where t h e  m i  corcracks are i n c l i n e d  t o  the primary 
crack.  
F rac tu re  surface o f  T6T145/F185 composite. 
( a )  3000x. Higher  densi ty  o f  c a v i t a t i o n  adjacent  t o  f i b res .  
( b )  4500x. Scal loped appearance o f  r e s i n  between f i b r e s  f r o m  
coalescence o f  i nc l  i ned m i  crocracks near r e s i  n-f i bre 
i nter face.  
( c )  10,000~.  Void ing adjacent t o  s o l i d  pre-reacted rubber 
p a r t i c l e s .  
c a v i t a t i o n  due t o  phase separ3ted CTBN i s  much coarser here 
than  i n  the neat  F185 r e  - ' 
COmparison w i t h  F igure  3 ( c )  shows t h a t  the 
7 .  
8. 600x. Cross sec t i on  Of 16T145/F185 showing in te r l am ina r  r e s i n  r i c h  
Schematic of  hypothe t ica l  t e n s i l e  bar  ahead o f  the crack t i p  w i  t n  
t h e  s t r a i n  d i s t r i b u t i o n  accross it. 
region.  
9. Schematic showing r e l a t i v e  he igh t  o f  damage zone i n  F185 r e s i n  and 
T6T145/F185 composite. 
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